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Abstract: We propose a new path for preparing nanostructured carbon films (NCFs) by using electron cyclotron
resonance (ECR) plasma sputtering with ion–electron hybrid irradiation for controlling the frictional behavior.
The frictional behavior of the NCF was measured by using a pin-on-disk tribometer with a nanoprobe
displacement sensor, and the transition curves of the friction coefficient and microdisplacement of the NCFs
were examined. The friction mechanism was discussed by transmission electron microscopy (TEM) observation
on the wear track. From the results, we found a new method to prepare NCFs, which has the potential to achieve
low friction at the early stage of sliding contact. In addition, the technology of ECR plasma with ion–electron
hybrid irradiation provides a new vision to rebuild a nanostructured surface from an original surface for
controlling the frictional behavior.
Keywords: friction; nanostructured carbon film (NCF); electron cyclotron resonance (ECR); ion–electron hybrid
irradiation
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Introduction

Amorphous carbon films exhibit low friction coefficient
and long wear life, which makes them suitable for
tribological applications as they provide protection
for counterparts. To date, many studies on the friction
and wear mechanisms of amorphous carbon films
have been published, and the friction and wear
behaviors were affected by the intrinsically chemical,
structural, and mechanical properties of the films,
as well as the externally chemical, physical, and
mechanical interactions between the amorphous
carbon film surfaces and their surroundings [1–10].
Recently, nanostructured carbon films (NCFs) with
graphene-like nanocrystallites have attracted a lot of
interest because they not only show good tribological
performance but also high electrical conductivity [11,
12]. Such materials have many potential applications
as novel coating materials in the nanotribology field.
* Corresponding author: Xue FAN, Dongfeng DIAO.
E-mails: fanx@mail.xjtu.edu.cn, dfdiao@mail.xjtu.edu.cn

There are some researches focusing on the growth
of carbon films with graphite-like nanocrystallites.
Alexandro et al. [13] prepared nanocrystallite carbon
film with the sp2 network structure using laser-arc
evaporation and found that the film had high hardness
and elastic recovery. Hirono et al. [14] reported a
carbon nanocrystallite film prepared with the electron
cyclotron resonance (ECR) sputtering method, and
studied its electrical conductivity and hardness. Lau
et al. [15, 16] prepared tetrahedral amorphous carbon
(ta-C) film using the filtered cathodic vacuum arc
(FCVA) method and studied the thermally induced
sp2 clustering in the ta-C film. Orwa et al. [17] deposited
ta-C film with different impact energies of carbon ions,
and found that the structure of the ta-C films could
transform from amorphous into a sp2 rich structure
containing graphite layers. Our research on the
electron or ion irradiation of various carbon films
demonstrated that it facilitates nanostructure formation,
and that the electron or ion irradiation can be used to
precisely tailor the structure and the properties of the
carbon film [11, 12, 18, 19]. In this paper, we reported
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recent advances in the ECR plasma technology
with particular emphasis on the ion–electron hybrid
irradiation effect on the nanostructure formation in
carbon films. The frictional behaviors of the films
were measured by a pin-on-disk tribometer installed
a nanoprobe displacement sensor for understanding
the friction mechanism and the friction-induced
microdisplacement of NCFs.

2
2.1

Experiments
Principle of ECR plasma sputtering with ion–
electron hybrid irradiation

We previously reported [18] that in order to generate
the ECR plasma, a 2.45 GHz microwave is introduced
to the chamber through a rectangular waveguide and
a fused quartz window. Magnetic coils are arranged
around the chamber to achieve a microwave ECR
condition (magnetic flux density, 875 G). In the ECR
plasma, when the ions transfer from a strong magnetic
field to a weaker field, they are accelerated (decelerated
when the ions transfer from a weak to a stronger
field) by the force Fz = −zgradBz, where z = mv2/2B is
the magnetic momentum of the plasma volume unit,
and gradBz is the gradient of the magnetic flux density
B in the parallel direction to the magnetic field. To
understand the ion−electron hybrid irradiation process
in the ECR plasma, we describe the process that is also
shown in Fig. 1. Figure 1(a) is simplified to emphasize
the formation of the electron irradiation and Fig. 1(b)
shows the ion irradiation. Electrons are resonantly
accelerated to move around the magnetic field lines,
and the momentum at the magnetic mirror position

(dashed lines in Fig. 1(a)) is zero along the horizontal
direction. By taking this advantage and considering
the floating bias voltage (Vf) at the substrate surface,
the ion–electron hybrid irradiation can be realized as
follows. The substrate is located near the magnetic
mirror position, and when the substrate bias voltage
(Vb) is higher than the Vf, the electrons gain kinetic
energy from (Vb−Vf) and irradiate the film. In contrast,
if Vb is lower than Vf, the ions are accelerated to
the substrate forming the ion irradiation. Therefore,
the ion–electron hybrid irradiation can be achieved
by changing substrate bias voltage higher (electron
irradiation, as shown in Fig. 1(a)) and lower (ion
irradiation, as shown in Fig. 1(b)) than the floating bias
voltage.
2.2

Pin-on-disk tribometer with nanoprobe
displacement sensor

The schematic illustration of the pin-on-disk tribometer
with a nanoprobe displacement sensor is shown in
Fig. 2. The whole image of the test rig is shown in
Fig. 2(a). The design consists of a pin-on-disk tribometer
and a nanoprobe displacement sensor. The pin-on-disk
tribometer includes a rotating platform, a friction
beam, and a three-axis (X, Y, Z) manual stage (Ⅱ). As
shown in Fig. 2(b), a SiC ball (radius of 4 mm) is fixed
at the free end of the friction beam. Strain gauges are
attached on the friction beam to measure the normal
force and the tangential force. The specimen is fixed
on the rotating platform and the position can be
adjusted. The relative position between the axis of the
SiC ball and the specimen is controlled by adjusting
the three-axis manual stage (Ⅱ) in the X and Y

Fig. 1 Principle scheme of ECR plasma sputtering for electron irradiation (a) and ion irradiation (b).
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Fig. 2 Schematic illustration of pin-on-disk tribometer installed a nanoprobe displacement sensor: (a) overview of the test rig; (b) top
and front views of the test parts; (c) enlarged view of the contact part of pin and sample, together with the nanoprobe; (d) working
principle diagram of the nanoprobe displacement sensor.

directions, and the normal force is loaded and unloaded
from specimens by adjusting the screw bolt in the Z
direction. The design ensures that the friction beam
holds the SiC ball horizontally. The axis of the friction
beam and the center of the rotating platform are in
line, thus, the sliding velocity of each contact point
in the tangential direction has the same value. The
signals of normal load and friction force are collected
and then the friction coefficient is calculated.
The nanoprobe displacement sensor consists of a
displacement sensor with a nanoprobe and a threeaxis manual stage (I), as shown in Fig. 2(b). The sensor
is mounted parallel to the axis of the friction beam
and the probe is contacted with the SiC ball holder
to measure the actual microdisplacement in the
tangential direction during friction (see Fig. 2(c), it
should be noticed that the contact force of probe for
microdisplacement measurement is 0.75 mN, which
is much smaller than the friction force). The measuring
range of the displacement sensor is 350 m with a
resolution of 0.01 m. As shown in Fig. 2(d), the
inductance coils are placed inside the rigid support.

The lever arm is fixed on the rigid support by using a
flexible foil and the iron core is bonded at the end of
the lever arm. Two springs are used to control the
relative position between the lever arm and the rigid
support. When the probe detects a displacement, the
insert length of the iron core into the inductance coils
is changed, resulting in the change of the magnetic
flux. Then the voltage change is collected by the
signal collector and recorded. After calibration, the
microdisplacement is measured. In this study, the
tribotests are performed in room temperature with a
relative humidity of about 70% under a normal load
2 N and rotational speed of 180 rpm with frictional
radius of 1.4 mm (the sliding velocity is calcultatd to
be 26 mm/s).
2.3

Preparation and characterization of
nanostructured carbon films

Carbon films were deposited on p-type <100> oriented
silicon substrates with the size 20 mm × 20 mm ×
0.5 mm. The substrates were cleaned with acetone
and absolute ethyl alcohol before put into the vacuum
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cavity. The background pressure of the vacuum
chamber was 3 × 10−4 Pa, and argon was inflated
keeping the working pressure at 4 × 10−2 Pa. The silicon
substrates were pre-sputtered by argon ions to remove
the residual contaminants. Then, argon ions were
attracted to the carbon target to sputter the target
surface, providing the carbon atoms for film growth.
It was measured that floating voltage at the position of
the sample located is zero when the working pressure
is 0.04 Pa [11, 12], then positive and negative DC biases
of 50 V were applied to the substrate to realize the
50 eV electron irradiation and the 50 eV ion irradiation
during deposition, respectively. Furthermore, to study
the ion–electron hybrid irradiation, carbon film was
first deposited with the 50 eV ion irradiation and,
then, the film was irradiated with 50 eV electrons as
the post-deposition processing. The current density
was 63.66 mA·cm–1 and 1.8 mA·cm–1 for the electron
and ion irradiation, respectively.
The nanostructures of the carbon films were observed
with a JEOL 2010 transmission electron microscope
(TEM). The bonding structures of the carbon films
prepared with different irradiation methods were
studied by using the Raman spectra between 1100 cm–1
and 3400 cm–1, which were obtained with a HORIBA
HR800 laser confocal Raman spectrometer. The surface
morphologies were tested with a SHIMADZU SPM9700 atomic force microscope (AFM), which worked in
the dynamic observation mode with a X, Y resolution
of 0.2 nm and a Z resolution of 0.01 nm.

3
3.1

Experimental results
Characterization of nanostructured carbon
films

The TEM images of the nanostructures of the carbon
films are shown in Fig. 3. As shown in Fig. 3(a), when
electron irradiation was used, a nanocrystalline
structure with graphene sheets stacks appeared in
the films. The graphene sheet stacks are uniformly
distributed in the plane view and grew vertically to
the substrate direction (along the cross-sectional
view). Each stack contains a few graphene sheets that
are linked with each other by twisting and curving.
The interplanar spacing is 0.36 nm. The electron
diffraction (ED) patterns of an electron-irradiated

Fig. 3 TEM images of the carbon films with different irradiation
methods. (a) Nanostructure of e-NCF in cross-sectional view (left)
and plan view (right); (b) Nanostructure of i-CF in cross-sectional
view (left) and plan view (right); (c) Nanostructure of i/e-NCF in
cross-sectional view (left) and plan view (right).

nanostructured carbon films (e-NCF) showed
diffraction rings, indicating a more ordered structure.
The structure of an ion-irradiated carbon film (i-CF) is
shown in Fig. 3(b), and is a pure amorphous structure.
An ion–electron hybrid-irradiated carbon film (i/e-NCF)
is shown in Fig. 3(c) in which the film structure is
mainly amorphous, but the top layer with thickness
of 4 nm was changed to graphene sheets embedded
in the structure after electron irradiation.
Figure 4 shows the Raman spectra of the carbon
films. The spectrum of e-NCF showed that the D and
G bands are separate and located near 1340 cm–1 and
1600 cm–1, respectively, and the spectra showed a
medium strength 2D band centered near 2700 cm–1.
This proves the existence of graphene sheets in e-NCF.
For the i-CF, there was only a composite band
centered around 1500 cm–1, consisting of D and G
bands, without 2D band in the Raman spectrum. In
the Raman spectrum of i/e-NCF, the locations of the
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The surface image of i/e-NCF, which is similar to that
of i-CF, is shown in Fig. 5(c) and the mean surface
roughness of i/e-NCF decreased to 0.08 nm when the
top surface changed to graphene sheets embedded in
the structure.
3.2

Fig. 4 Raman spectra of the carbon films with different irradiation
methods.

D and G bands are separate but with no 2D band
either. As studied before [11], the growth mechanism
of the graphene sheets embedded in the structure was
interpreted as the inelastic scattering of low energy
electrons. Whereas, in the case of i-CF, the ion
irradiation mechanism is the elastic and inelastic
collision between ions and atoms, and weakly bonded
carbon atoms are sputtered during this process. The
different growth mechanisms of e-NCF and i-CF
resulted in the different Raman spectra.
Figure 5 shows the surface morphologies of the
carbon films produced with the different irradiation
methods. From the AFM image of e-NCF (Fig. 5(a)),
we see that the surface is rough with a mean surface
roughness (Ra) of 13.42 nm and there are many
prominences on the surface. When ions were used for
irradiation, the surface morphologies of i-NCF get
smoother with an Ra of 0.087 nm, as shown in Fig. 5(b).

Frictional behavior of nanostructured carbon
films

The pin-on-disk tribometer with a nanoprobe
displacement sensor was used to investigate the
frictional behavior. The transition curves of the friction
coefficient together with the microdisplacement of
the carbon films are shown in Fig. 6. The inserted
graphs show the oscillation amplitude of the
microdisplacement. The friction coefficient of the
e-NCF was 0.175 at the beginning of the test and
decreased to a mean value of 0.137 after about 200
cycles of cyclic friction, as shown in Fig. 6(a). Then,
the friction coefficient suddenly increased after
about 475 cycles, which represents the sliding of the
SiC ball against the silicon substrate. The mean
microdisplacement of the SiC ball was 107.28 m
when sliding against e-NCF. For the i-CF, the friction
coefficient gradually decreased from 0.180 and
stabilized at a mean value of 0.075 at 1000 frictional
cycles, and the mean microdisplacement of SiC ball
was 37.28 m, as shown in Fig. 6(b). The friction
coefficient transition curve of i/e-NCF is shown in
Fig. 6(c), and is similar to that of i-CF with a stabilized
mean friction coefficient of 0.079 and a mean
microdisplacement of 46.20 m. However, the sliding
cycles for reaching low friction coefficient is only 200
cycles, which is much quicker than the i-CF.

Fig. 5 Surface morphologies of the carbon films: (a) e-NCF, (b) i-CF, and (c) i/e-NCF.
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Fig. 7 TEM images of low frictional wear tracks of (a) e-NCF,
and (b) i-CF.

Fig. 6 The transition curves of friction coefficient and microdisplacement of the carbon films: (a) e-NCF, (b) i-CF, and (c)
i/e-NCF.

To understand the frictional behavior of
nanostructured carbon films, Fig. 7 shows the TEM
images of the low frictional wear tracks of the
e-NCF and i-CF, respectively. In Fig. 7(a), the wear

track of e-NCF slightly changed into a less organized
nanostructure than the originally deposited surface,
it remains nanocrystalline structure. Comparing
Fig. 7(b) with Fig. 3(b), it is clear that the amorphous
structure of i-CF changed into a nanocrystalline
structure containing graphene sheets stacks.
Concerning the low friction behavior of amorphous
carbon films, there are two widely accepted
explanations which are the formation of a transfer
film on the counter sliding surface and the
graphitization of the transfer film, and those were
studied in our earlier research [12, 19]. The TEM
image of the wear track provided direct evidence of
the structural transformation from amorphous to
graphene sheets embedded in the structure during
cyclic friction, which we call “graphenization”. The
graphenization process can be one of the reasons
why the friction coefficient decreased.
By comparing the TEM images of the e-NCF, i-CF,
and their wear tracks, we found that the wear track
of amorphous carbon film in the low friction stage
has the similar structure with the e-NCF structure.
From the tribotest result of i-CF, it can be seen that
before the low friction stage, there is a high friction
stage and a gradually-decreasing stage that took
about 1000 frictional cycles, as shown in Fig. 6(b). This
stage is not preferred when we consider the carbon
films as a lubricant coating. Then it is necessary to
shorten or even avoid the high friction stage. Since
the nanostructure in e-NCF is similar with the low
friction stage carbon, it may make the film reach low
friction at early stage. In order to achieve low friction
at the beginning of the sliding, the ion–electron
hybrid irradiated film was prepared. As shown in
Fig. 3(c), the basic structure of the i/e-NCF obtained by
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ion irradiation is amorphous, whereas the top layer
nanostructure was modified from amorphous to
graphene sheets embedded in the structure by
electron irradiation. Figure 6(c) shows that the critical
cycles for achieving a low friction coefficient is 200
cycles and the wear life is longer than 2000 cycles
with a low friction coefficient of 0.079.

4

Discussion

The frictional behaviors of nanostructured carbon
films were obtained by using a pin-on-disk tribometer
with a nanoprobe displacement sensor. It should be
noted that the stabilized low friction coefficient of
e-NCF (0.137) is nearly twice higher than that of i-CF
(0.075) and i/e-NCF (0.079). Concerning the mechanism,
we consider that the original surface roughness may
play an important role. It can be seen in Fig. 5(a) that
the roughness of e-NCF is 13.42 nm, whereas in the
cases of i-CF and i/e-NCF, the value is 0.087 nm and
0.080 nm, respectively. The big difference in surface
roughness may affect the friction coefficient of the
nanostructured carbon films, the values of the low
friction coefficient of i-CF and i/e-NCF with similar
surface roughness are nearly the same, and the
“graphenization” of NCFs during friction affects the
friction coefficient decreasing at the early stage.
On the other hand, the frictional transition curves
also showed that the wear life of e-NCF (475 cycles)
is shorter than that of i-CF and i/e-NCF (>2000 cycles).
The wear life of carbon films depends on the interface
strength. In the e-NCFs, during the film growth, the
electrons exchange energy with the valence electrons
of the carbon atoms through inelastic scattering to
modify the bonding states and they cannot change
the atom position during deposition. The film growth
rate along the thickness direction (vertical growth) is
quicker than that along the horizontal direction, and
the graphene sheets structure may grow freely in one
direction with low bonding energy. As a result, the
surface morphology in Fig. 5(a) shows prominences,
and the graphene sheets stacks randomly distributed
in the plan view (see Fig. 3(a)), resulting in a much
weaker interface strength between the e-NCF and the
substrate due to their lattice-mismatch. In contrast,
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when the films are deposited under ion irradiation,
the weak bonds between carbon atoms are broken by
the energetic argon ions and then the carbon atoms
can spread in the horizontal direction, leading to a
much stronger bonding state and a smoother surface
(see Fig. 5(b)). Furthermore, in the case of i-CF, the
interdiffusion takes place at the initial stage of film
growth under ion irradiation, which may form an
interlayer containing Si–Si, C–Si, and C–C bonds. The
interlayer plays an important role in increasing the
bonding strength between the film and the substrate
[18, 20–21]. In i/e-NCF, only the nanostructure of the
top layer was modified, the structure near the
interface remains the i-CF structure, which results in
a stronger interfacial strength. Therefore, i-CF and
i/e-NCF with stronger bonding interface exhibited
longer wear life. The interface bonding strength of
e-NCF still needs to be improved for further study.
As discussed above, in order to control the frictional
behavior of NCFs, the merits of smooth surface for
low friction coefficient, high interface strength for
long wear life, and graphene sheets embedded in the
nanostructure for achieving low friction coefficient
quickly were integrated with the ion–electron hybrid
irradiation method. The i/e-NCFs have not only
excellent frictional properties, but also good electric
conductivity [11] and magnetic behavior [22]. As a
result, the i/e-NCFs can find wide use in applications
with outstanding tribological, electrical and megnetical
properties.
Finally, in this paper, the nanoprobe displacement
sensor was installed on a pin-on-disk tribometer, which
is used to in-situ monitor the microdisplacement of
the SiC ball when sliding against the carbon films
for understanding the effect of friction-induced
microdisplacement on the friction mechanism. By
using the nanoprobe displacement sensor, except
that the microdisplacement of the SiC ball during
friction is obtained, and the oscillation amplitude
of the microdisplacement also can be quantified (as
shown by the small inserted blocks in Fig. 6), which
represents the friction induced oscillation of the
pin. For example, the oscillation amplitude of e-NCF
is larger than those of i-CF and i/e-NCF, and this
phenomenon may be caused by the surface roughness.
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Thus, the surface roughness of e-NCF is higher than
that of i-CF and i/e-NCF, and the contact, the friction,
the mechanical interlocking, and the peeling of large
asperities will generate larger amplitude friction
oscillation. When the NCFs are used in the precision
instruments, the friction-induced microdisplacement
and its oscillation amplitude at the contact interface
play an important role for effecting precise positioning,
therefore, in-situ tracking the friction vibration is
necessary.
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Conclusions
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